We form ultracold ground-state Rb 2 molecules by photoassociating pairs of atoms in a magneto-optical trap into the 0 + u state, which decays radiatively into high vibrational levels of the X 1 + g state. Sensitive and vibrationally stateselective detection is achieved by means of resonantly-enhanced two-photon ionization with a pulsed laser. Frequency scans of the detection laser reveal a long vibrational progression to a previously unobserved electronic excited state, which we identify as the 2 1 + u state. Most of its vibrational spectrum is in excellent agreement with predictions based on ab initio potentials, although the lowest vibrational levels exhibit strong perturbative mixing with the triplet 2 3 u state. The detection method reported here, with minor variations, should be effective for the entire potential well of the X state. In this work no transitions are observed from vibrational levels above v = 118, but this turns out to be a limitation not of the detection method but rather of the photoassociative formation scheme, due to re-excitation of the highest-v levels by the same photoassociation laser that produces them.
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Introduction
Several techniques have been developed for producing ultracold ground-state Rb 2 molecules starting from a gas of ultracold atoms, based either on photoassociation (PA) of atom pairs [1] [2] [3] [4] or on 'magnetoassociation', the manipulation of magnetic-field-induced Feshbach resonances [5] [6] [7] . While these techniques are usable for most alkali atoms, rubidium is particularly attractive for exploratory research because in its atomic form it is especially well-suited to laser cooling and trapping and to BEC formation. Its single-photon PA spectrum has been studied and analysed in great detail [8] [9] [10] [11] . Photoassociation followed by radiative decay has been used since 2000 to produce Rb 2 in the metastable triplet state, a 3 + u [12] . These metastable molecules are among the best-studied of ultracold molecules; they have been trapped both magnetically [13, 14] and optically [15, 16] , and they have been investigated spectroscopically by at least three research groups, including our own [10, 14, 17] .
However, methods for producing and detecting Rb 2 in its true ground state, X 1 + g , have not kept pace. Here we report for the first time the photoassociative formation, state-selective detection and spectroscopic analysis of Rb 2 molecules in high vibrational levels of the singlet X state. We form the molecules by a variation of the same basic method used to produce the metastable state: we photoassociate atoms in a MOT to the 0 + u state near the 5s + 5p 1/2 atomic limit, and some of these molecules subsequently radiate into bound levels of the ground state. The resulting vibrational distribution lies high in the X-state potential well, but still with binding energies of up to 15 cm −1 that vastly exceed the thermal energy of about 10 −4 cm −1 . We show that the very highest vibrational levels are not populated, despite the fact that they are favoured by the Franck-Condon factors for radiative decay, because they are indirectly photodissociated by the PA laser before they can be detected. A related phenomenon with stimulated Raman PA was noted in [18] . This contrasts sharply with the case of magnetoassociation, which produces molecules very efficiently, but exclusively in levels bound by less than 0.001 cm −1 . We demonstrate direct and vibrationally state-selective detection of high-v ground-state molecules by resonant two-photon ionization (R2PI) with a pulsed laser. This method, wellestablished in studies of other ultracold molecular species [14, [19] [20] [21] [22] , offers simplicity and high efficiency together with sufficient resolution to make vibrational assignments. In the present case, its application was complicated by the fact that beyond the first few excited states, the electronic spectroscopy of Rb 2 was largely unknown. We have resolved this difficulty by using our ultracold molecules to perform a spectroscopic study of the previously unobserved 2 1 + u state, which is well-suited for R2PI detection. The resulting analysis allows us to fully characterize the vibrational distribution of the X-state molecules. Straightforward extension of this approach should allow the determination of the rotational and vibrational distributions of Rb 2 molecules in the entire potential well of the X state, a necessity for future studies of molecular physics and quantum chemistry in this prototype system. In particular, it should be possible to form molecules in the v = 0 level by Raman transfer starting from the same high-v levels on which we report here.
We compare the observed vibrational levels of the 2 1 + u state with predictions based on recent calculations of its potential curve [23, 24] . The good overall agreement with theory confirms that this state has an unusual trough-shaped potential. However, the lowest vibrational levels of this state are strongly perturbed, and we argue that the only likely candidate for these perturbations is strong singlet-triplet mixing with the nearby 2 3 u state. We have also observed strong singlet-triplet mixing in spectra obtained with molecules in the metastable a 3 + u state, which will be reported elsewhere [14, 25] .
Experiment
The experimental configuration is shown in figure 1 . We produce ultracold rubidium atoms in a magneto-optical trap (MOT) and photoassociate them using a cw Ti:sapphire laser. The overall scheme is similar to that used for our recent studies of ultracold KRb, which are described in detail in [26] .
The 85 Rb MOT used for most of the experiments reported here is a single-species version of the same apparatus used for our KRb experiments [26] . This MOT uses a 'dark-SPOT' configuration [27] to achieve improved atomic density, estimated to be slightly less than 10 11 cm −3 . A Channeltron is incorporated to facilitate ion detection. The atoms in the dark region of the SPOT reside almost exclusively in the lower F = 2 hyperfine level, although sometimes weak 'ghosts' can be seen in PA spectra, corresponding to transitions from the upper F = 3 level. For excited levels without resolvable hyperfine structure, such as those used here, the change from F = 2 to F = 3 affects the spectrum only in the form of an overall shift by 3.036 GHz. The atomic temperature is measured to be less than 200 µK.
The PA laser is a cw tunable Ti:sapphire ring laser (Coherent 899-29) pumped by an Ar + laser with a typical pump power of 9.5 W. The Ti:sapphire laser, typically producing more than 400 mW, is focused at the centre of the MOT. By scanning the PA laser below the atomic 5S 1/2 + 5P 1/2 asymptotic limit, we have obtained well-resolved trap-loss spectra to several excited molecular states. An extensive spectroscopic analysis of these data, together with earlier spectra obtained by the group of Heinzen [8, 9] , will be reported elsewhere [11] . [11] , and a resonance detuned by −54.2 cm −1 , nominally to v = 15. The PA process is also rotationally selective, and we usually select either the J = 1 or the J = 2 level.
To detect the ground-state molecules formed by PA and radiative decay, we use resonantlyenhanced two-photon ionization (R2PI) as sketched in figure 3 . A pulsed dye laser (Continuum ND6000) operates near 600 nm. It is pumped by a 532 nm Nd:YAG laser with a repetition rate of 10 Hz. A typical detection laser pulse has an energy of 3 mJ, a duration of 7 ns, and a bandwidth of roughly 0.2 cm −1 , sufficient to resolve vibrational bands but not rotational branches. The laser is focused at the centre of the MOT with a diameter of ∼1 mm. The ionized molecules are accelerated to an ion detector and the signals are time gated with a boxcar averager and sampled by a computer data acquisition system. Molecular ion signals are readily discriminated from atomic ions by their time of flight (TOF) as shown in figure 4. The high peak power of the pulsed laser allows detection even of very weak transitions, as we demonstrate below. To calibrate the frequency of the detection laser we use the spectrum of atomic rubidium. Several two-photon transitions can be observed from the 5s state to Rydberg states, as well as a few single-photon transitions from the 5P 3/2 state. We compare the apparent transition energies with accurately known values to obtain a quadratic fitting formula, which is used to calibrate all of our molecular spectra. We estimate the accuracy to be better than 0.2 cm
based on the consistency of multiple measurements starting with various vibrational levels of the X state.
As the pulsed detection laser is scanned while monitoring the Rb + 2 ion signal, numerous resonances are observed in the two-photon ionization spectrum. A typical signal size for a moderately large resonance is six ions/laser shot, which corresponds to a molecule formation rate of roughly 10 4 s −1 in a single vibrational level of the X state. We have investigated the entire region from 582 nm to 625 nm by use of two laser dyes, Rhodamine 610 and DCM. A typical spectrum is shown in figure 5 . It was obtained with the PA laser fixed on a transition to the same vibrational level of the 0 + u state shown in figure 2(a), which is bound by about 15.7 cm −1 relative to the atomic limit, Rb (5S 1/2 ) + Rb (5P 1/2 ). In the spectrum of figure 5 the vibrational structure of the X state can be identified as a recurring series of closely-spaced peaks, barely resolvable on the scale of the figure. Its analysis is described in section 3. Even more obvious is the vibrational sequence labelled with dotted vertical lines in the figure, which has a much larger spacing of about 13 cm −1 . This is the vibrational band spectrum of an excited electronic state that serves as the intermediate state in R2PI. Much of the spectrum has been assigned to transitions from the X state to the previously unobserved 2 1 + u state, as we will discuss in detail in section 4. It is also possible to obtain similar spectra for the triplet system of Rb 2 by starting from the a 3 + u state rather than the X 1 + g state, and we report on a detailed analysis of such spectra in [14] .
To conclusively distinguish singlet-state molecules from triplets we have also observed magnetic trapping of metastable triplets in the field of the MOT coils. A detailed description of the procedure is given in our recent papers on ultracold triplet-state Rb 2 [14] and on ultracold KRb [26, 28] . In brief, we tune the PA laser to a resonance and leave it on long enough to reach equilibrium, then switch it off with an acousto-optic modulator, while leaving on the magnetic field. After a variable delay the pulsed detection laser is fired to produce an ionization signal proportional to the remaining number of molecules. Because only the triplet molecules have magnetic moments large enough to allow trapping, they can be unambiguously identified if there is a non-negligible signal after several tens of ms, a time long enough for untrapped molecules to leave the trapping region.
Analysis of the X
1 Σ + g state spectrum
As described in section 2, the repetitive small-scale structure visible in figure 5 is the vibrational band spectrum associated with high-v levels of the ground X 1 + g state. This is much more apparent in figure 6 , which shows an expanded portion of the spectrum together with vibrational assignments for the lower X A more quantitative comparison is given in table 1, where the vibrational intervals G ≡ E(v + 1) − E(v ) are compared both with the experimental data of Amiot and coworkers [29, 30] and with our own calculations obtained using Le Roy's Level 7.4 program [31] . The X 1 + g state potential needed for this calculation was obtained by combining the short-range potential curve of Amiot [29] with the long range C 6 dispersion coefficient from Heinzen's experiments [32] . The agreement of all three columns in the table is good, and establishes clearly that (1) the observed vibrational structure indeed belongs to the X state, and (2) the X state vibrational quantum numbers v are assigned correctly (a change of ±1 would have a huge effect on the results). The relative intensities of the vibrational lines are more problematic, and merit a more extended discussion. Their overall qualitative behaviour is easily understood using the Franck-Condon principle: most of the colliding pairs of atoms are photoassociated into long-range excited-state molecules and accordingly they decay at long range, either back into the vibrational continuum or into long-range ground-state molecules near the atomic 5s + 5s asymptote. Thus all of the resulting ultracold molecules are in high vibrational levels v . Their distribution can be altered by choice of the PA resonance. As the PA laser is tuned further below the atomic 5S + 5P 1/2 asymptote, the excitation shifts to smaller internuclear separations and thus produces lower values of v . This behaviour can be seen in figure 6 , where the spectrum for a PA laser detuning of PA = -15.7 cm −1 has a sharp peak at v = 113, whereas for a detuning of PA = -54.2 cm −1 the distribution extends down to v = 111 (interestingly, it also has strong lines for v = 114, probably due to fine-scale nodal structure in the Franck-Condon overlap integral).
The problems begin to appear when we take a more quantitative look at the intensities. In the experiment, the highest vibrational level that we can observe is v = 117, and it is very weak even when the PA laser is set quite close to the atomic asymptote. This can be compared to calculated Franck-Condon factors (FCFs) for the 0 + u → X 1 + g transitions that radiatively populate the ground state. We have calculated these FCFs with the Level 7.4 program, using the same X state potential curve described above, along with a potential curve for the 0 + u state determined by Dulieu [33] , extended to long range using a dispersion coefficient of C 3 = 13.4 au based on a fit to our own PA spectra. The results, shown by the logarithmic stick chart in the lower panel of figure 6 , predict a strong peak near v = 119, with population extending all the way to the highest level at v = 123. The predicted signals are more than three orders of magnitude weaker where we observe the peak intensity, near v = 112. We are confident that our ground-state potential curve could not result in a shift in the vibrational distribution this large, since it yields predictions for the energy levels that agree closely with our measurements.
The primary reason that the highest-v levels are missing appears to be that these levels are so close to the atomic asymptote that they can be indirectly photodissociated by the PA laser after they are produced, destroying them before they can be detected by the next pulse of the detection laser. The photodissociation rate can be roughly estimated by a simplified model in which we assume that the dominant process is off-resonant re-excitation of the molecules back to the same level of the 0 + u state from which they were formed, leading to loss by radiative decay back into the vibrational continuum. We also assume that the rate for such an excitation is the same as for the atomic 5S 1/2 -5P 1/2 transition apart from a Franck-Condon factor. The destruction rate for a level of vibrational binding energy is then given by
where I is the PA laser intensity, I S is the atomic saturation intensity of 9.7 mW cm −2 , and is the atomic decay rate of 3.8 × 10 7 s −1
. For our estimated intensity of I = 1.1 × 10 6 mW cm −2 , using a representative FCF of 0.07, we predict that levels bound by less than about 0.8 cm −1 will be photodissociated too quickly to permit detection. Below this, the competition between PA and photodissociation rapidly diminishes and the molecules become stable on the required time scale of about 10 ms. In particular, vibrational levels with v greater than about 118 are not expected to be detectable, accounting for the missing high-v levels in figure 6 .
On the other hand, this indirect photodissociation argument cannot fully explain all of the discrepancies between FCF calculations and experimental intensities, because the predicted FCF at v = 112 is so small that this level should not be observable at all. This remaining disagreement may be due to errors in the potential curves, or it may indicate that the molecular formation involves other processes, e.g., resonant coupling between vibrational levels of different excited-state potentials [34] .
Analysis of the 2 1 Σ

+ u state spectrum
We have assigned the long vibrational progression that extends throughout figure 5 to the previously unobserved 2 1 + u state, the only singlet state having the required ungerade symmetry whose vibrational spectrum covers the correct range. Its potential curve is shown in figure 7 . This assignment is confirmed by analysis of the vibrational intervals. We have used the Level 7.4 program to calculate vibrational energy levels based on two recent ab initio calculations of the potential curves by Park et al [23] and Aubert-Frécon [24] . This analysis reveals that the entire experimental spectrum above 16 600 cm −1 belongs to the 2 1 + u state, whereas the spectrum to the red of this range contains additional vibrational progressions, which will be discussed separately at the end of this section. Table 2 and figure 8 show the vibrational intervals G for all of the levels we have assigned. The vibrational quantum numbers in table 2 are those calculated from the potential of [23] , for which we have shifted the overall electronic term energy by 53.6 cm −1 to obtain the closest possible match between the calculated and observed intervals. This shift is well within the expected uncertainty of the calculations, and remarkably, no shift at all is needed for the potential of [24] . The vibrational quantum numbers differ between the two calculations by two or three vibrational levels, depending on how large an overall shift is applied, so the numbering should be regarded as uncertain by ±3. Of particular note is the gradual increase of G from about 12 cm −1 to 16 cm −1 as v increases, which is opposite to the trend usually associated with the anharmonicity of a conventionally-shaped molecular potential well. This increase is associated with the unusual trough-shaped potential curve of the 2 1 + u state, which is evident in figure 7 . The good agreement between theory and experiment confirms that the calculated shape is accurate.
Having ascertained the assignment of the 2 1 + u state and the accuracy of the theoretical potential curves, we can also calculate FCFs for 2 1 + u ← X 1 + g transitions. We find that they vary widely over the range spanned by table 2, from 1.5 × 10 −2 for the strongest lines down to 10 −8 or less for transitions to v = 15 and 16, which are visible in figure 9 . This huge range is strongly compressed in the observed amplitudes of figure 5 because the bound-bound step of the R2PI process is saturated for all but the weakest transitions. Thus the relative amplitudes reflect mainly the vibrational population distribution in the X state, and not the FCFs for excitation. This ability to saturate even very weak transitions is an advantage of the pulsed-laser R2PI detection method, allowing it to be extended to any vibrational level in the upper part of the X state potential well. Ground-state levels of low v can also be detected easily by R2PI through the A with quantum numbers v 2 and v 3 , are apparent. It is not surprising that the lowest vibrational levels of the 2 1 + u state are unobservable, because the predicted FCFs are 10 −10 or less for v < 15, for which the wavefunctions become localized near a small 'dimple' in the bottom of the potential well. However, the presence of two new vibrational series is more interesting, indicating the appearance of one or more additional electronic states. The only reasonable explanation is that they belong to the 2 3 u state, which can appear in the spectrum only via perturbative mixing with the 2 1 + u state. As shown in figure 7, these potential curves cross near the bottom of the 2 1 + u potential well, making it quite plausible that the low-v vibrational levels can be mixed by spin-orbit coupling.
There is indirect evidence for such perturbations in the vibrational spectrum of the 2 1 + u state, for which the deviation between experiment and theory increases markedly for v < 20 (this is slightly visible in figure 9(c) ). It is also apparent from figure 9(c) that the new vibrational progressions both fit well with the predicted vibrational intervals of the 2 3 u state. The existence of two vibrational progressions may reflect the lambda-doubling of the 3 u state, or possibly its spin fine-structure. We note, though, that lowest-order spin-orbit mixing should allow excitation only of the = 0 spin component. This issue remains to be explored further.
Conclusions
We have demonstrated photoassociative formation and sensitive state-selective detection of 85 Rb 2 in high-v levels of the ground X 1 + g state. Typical formation rates for ground-state molecules in a dark-spot MOT are about 10 4 molecules/s for a single vibrational level. Analysis of the R2PI spectrum has allowed us to map the vibrational distribution of the X state. We have also been able to assign an extensive vibrational progression to the previously unobserved 2 1 + u state, which serves as the intermediate state for the R2PI process. The unusual trough-shaped potential curve of this state has been confirmed by analysis of its vibrational intervals.
This R2PI process can easily be extended to a wide range of X-state vibrational levels, to provide the state-selective detection needed for future experiments on ultracold molecular collisions and reactions where specific initial and final states must be identified. We predict that even the very highest vibrational levels of the X state, including those formed by exploiting Feshbach resonances, can be detected by this method. For all but these highest levels, full rotational resolution could be achieved by substituting a high-resolution laser for the boundbound step of R2PI, while using an off-resonance pulsed laser for the ionization step, which has a much smaller cross section. This would avoid power broadening of the 2 [14, 25] , suggesting that the phenomenon is not uncommon. It may be possible to exploit perturbation-facilitated intercombination transitions to facilitate formation of ultracold molecules in low-v levels of the X state, a prospect we plan to discuss in a future publication.
